Abstract: Background: Asthma and COPD are complex, heterogeneous conditions comprising a wide range of phenotypes, some of which are refractory to currently available treatments. Elucidation of these phenotypes and identification of biomarkers with which to recognize them and guide appropriate treatment remain a priority.
INTRODUCTION
Asthma and COPD are complex, heterogeneous conditions encompassing a wide range of phenotypes that differ in severity and natural history. This diversity is further expressed in patients with asthma-COPD overlap, where both asthma and COPD characteristics co-exist in the same individual [1, 2] .
Despite the multitude of treatments and interventions available to patients with these airway diseases, many patients remain refractory, while those who do respond show marked variability in their responses. In the era of personalized medicine, the 'one size fits all' approach to treat airway disease could be considered outdated, and that a shift to personalized treatment is required [3, 4] . To help guide appropriate treatment decisions, elucidation of the various phenotypes specific to each airway disease is of utmost importance [5, 6] . To this end, biomarkers specific for each phenotype are actively being sought, although in many cases, their utility in the complex environment of airways disease remains poorly understood [4, 7] .
The National Institutes of Health Biomarkers Definitions Working Group defines a biomarker as a "characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes or pharmacologic responses to a therapeutic intervention." Several biomarkers are already available for asthma, particularly severe, difficult to treat asthma [8, 9] , and in some cases, their use has been incorporated into treatment guidelines [10, 11] . None has been universally accepted for COPD [12, 13] .
Eosinophilic inflammation of the airways is a common feature of certain asthma [14] and COPD phenotypes [15] and new therapies have been described that target eosinophilic or related pathways. For these to be administered appropriately, biomarkers are required that can identify and select suitable patients.
The measurement of contemporaneous eosinophilia in peripheral blood cells (either by absolute count or by percent differential of total leukocytes) has been investigated in recent years as a potential surrogate marker of bronchial and/or lung inflammation. In this review, we describe the role of eosinophils in airway disease, with a focus on patients with severe disease (persistent eosinophilic asthma and exacerbating COPD), and evaluate their utility as biomarkers of obstructive airway disease.
THE ROLE OF EOSINOPHILS IN AIRWAY IN-FLAMMATION
Eosinophils normally comprise less than 5% of the leukocytes in peripheral blood, but in response to type 2 helper T-cell (Th2)-mediated inflammation their production is greatly enhanced and they become pivotal effector cells in inflammatory responses. They are recruited from the bloodstream to sites of inflammation by pro-inflammatory cytokines and members of the eotaxin family of chemokines [16, 17] . In asthma, Th2-mediated eosinophilic airway inflammation is typical [18, 19] whereas in COPD, neutrophilic rather than eosinophilic inflammation predominates [20] . In each condition, however, a spectrum of phenotypes exists from asthmatics without eosinophilic inflammation to COPD patients with eosinophilic rather than neutrophilic inflammation [14, 17] .
Understanding the biology of eosinophils is essential in order to appreciate how currently available treatments might affect eosinophilic inflammatory pathways. Since the pathological activity of eosinophils occurs predominantly at the tissue level, understanding the mechanisms involved in their recruitment is particularly important for the development of therapies that target eosinophils. Upon activation by proinflammatory cytokines such as Interleukin-3 (IL3), IL5 and granulocyte-macrophage colony-stimulating factor (GM-CSF), eosinophils are recruited into the circulation from the bone marrow, and migrate to sites of inflammation in response to chemokines such as CCL5 and CCL11 and other chemotactic factors. Extravasation into the airways is mediated by the interaction of cell surface integrins on eosinophils with adhesion molecules on the vascular endothelium, which enables transmigration across the bronchial vascular epithelium. Once within the airways, activated eosinophils release pro-inflammatory mediators, resulting in sustained inflammation and tissue damage [17, 21] .
Circulating eosinophils exist in different activation states (activated, non-activated, pre-activated), with each state associated with the expression of particular cell-surface proteins, some of which correlate with asthma activity and/or respond to treatment [22] . Glucocorticoids inhibit inflammatory signaling by inducing eosinophil apoptosis, but this may depend on the eosinophil activation state. IL5-activated eosinophils have been shown to have an impaired pro-apoptotic response to glucocorticoids that are mediated by Nuclear Factor IL-3 [23] . This may represent a plausible mechanism for the efficacy of anti-IL5 treatments in patients with severe eosinophilic asthma undergoing corticosteroid treatment.
Several surrogate biomarkers have been implicated in the evaluation of airways eosinophilic inflammation and treatment response, including blood eosinophils and the fraction of exhaled nitric oxide (FeNO) [24] . In addition, eosinophilderived neurotoxin (EDN), a granule-derived protein that is produced by activated eosinophils, is often used as a marker of eosinophil degranulation [25] . A pilot study using a pointof care diagnostic tool showed that EDN levels in capillary blood could be easily and accurately measured in asthmatic patients and demonstrated a high correlation with blood eosinophil counts [26] . As EDN release is a consequence of the inflammatory process rather than circulating eosinophils, the authors argue that EDN reflects more accurately the pathology of eosinophilic asthma than do blood eosinophils, which also comprise non-activated cells. Further investigation into the use of EDN is warranted as is the search for alternative biomarkers of eosinophilic inflammation with which to identify patients for appropriate treatment.
EOSINOPHILIC PATHWAYS IN ASTHMA
Eosinophils are major contributors to the long-term inflammatory status seen in asthma [8] . Indeed, persistent eosinophilic airway inflammation is a well-defined pattern of disease in patients with severe asthma [10, 27, 28] , although neutrophilic or paucigranulocytic profiles are also present [29, 30] .
Eosinophilic asthma can occur in both allergic and nonallergic patients but the pathways for eosinophil recruitment are quite distinct (summarized in Fig. 1) . Allergic eosinophilic asthma is driven by Th2 lymphocytes. Allergens, presented to naïve CD4+ T cells by dendritic cells, induce differentiation toward Th2 cells, which produce IL4, IL5 and IL13 cytokines, leading to IgE class switch in B cells, airway eosinophilia and mucous hypersecretion [31] . In nonallergic eosinophilic asthma, epithelium-derived cytokines (IL25, IL33, TSLP) are released in response to air pollutants, microbes or glycolipids. These bind to receptors on type-2 innate lymphoid cells (ILC2s), activating them to produce the Th2-associated cytokines IL5 and IL13, which lead to eosinophilia, mucous hypersecretion and airway hyper-reactivity [31] .
Thus, in the majority of allergic asthma cases, the presence of eosinophils may be a secondary consequence of the allergic cascade that recruits them to the site of inflammation -in essence, they are 'innocent bystanders' or minor effectors in the evolution of the disease. In some patients, however, particularly those with severe, non-allergic asthma, the eosinophil may play a more central role, possibly initiating the disease; these patients are typically older women with comorbid nasal polyps, aspirin sensitivity and late-onset asthma [32] .
EOSINOPHILIC INFLAMMATION IN COPD
In COPD, inflammation is more commonly associated with T helper 1 lymphocyte (Th1)-mediated immunity driven by neutrophils, often in response to bacterial colonization [20] (summarized in Fig. 2) . However, as with asthma, COPD presents as a number of different clinical phenotypes and, in around 10-40% of patients, a degree of eosinophilic inflammation is present during stable state [17] .
Cell senescence likely plays a pathophysiological role in COPD, particularly in relation to the release of cytokines and Fig. (1) . Allergic and non-allergic eosinophilic pathways in asthma. Adapted from [31] with the publisher's permission.
Fig. (2). Relationship between airway inflammation and bronchial abnormalities in COPD.
Increased bronchial wall thickness, increased bronchial smooth muscle tone, mucus hypersecretion, and loss of elastic structures as a result of airway inflammation each contribute to alterations in bronchial structure and function. Reproduced/adapted from [96] and [97] with permission from the publisher.
other factors from senescent cells, many of which are also implicated in the pathogenesis of COPD [33] . While it is likely that these factors augment the inflammatory component of the COPD lung, the precise mechanisms remain unclear and their potential implications in treatment responses are currently unknown.
As well as in the stable state, heterogeneity is also observed in COPD exacerbations. An eosinophilic-predominant phenotype was found to be associated with eosinophilia in 28% of exacerbations [34] , and the degree of eosinophilia observed during exacerbations is higher than that seen in stable disease [35] .
MEASURING EOSINOPHILIC AIRWAY IN-FLAMMATION
Establishing that a patient has an eosinophilicpredominant inflammatory phenotype is critical for the appropriate administration of eosinophil-targeted therapy. The most accurate assessment of the degree of eosinophilic inflammation in airway disease is by examination of eosinophils recruited to the actual site of inflammation. While technically possible, however, measurement of eosinophils at the tissue level (via lung or bronchial biopsies) is invasive and can only be performed in specialist settings. An alternative means of assessing eosinophilic airway inflammation is through induced sputum samples as sputum eosinophil counts have long been known to correlate with eosinophilic airway inflammation in both asthma and COPD [36, 37] . Indeed, strategies that maintain lowered sputum eosinophils have been linked with favorable outcomes in both conditions [17, [38] [39] [40] .
Although less invasive than tissue biopsy, sputum induction is also difficult to perform, requiring expertise at specialist centers, and so is impractical for large-scale clinical trials and/or community healthcare providers. Indeed, the techniques employed differ significantly between centers so it is unlikely that sputum sampling would be proposed as a routine measure unless a significant standardization effort occurs. Furthermore, sputum induction is also not without safety concerns and is often contraindicated in more severe patients, the patients more likely to require evaluation.
The potential of using blood eosinophil counts as a surrogate marker for eosinophilic airway inflammation arose from data suggesting that, in both asthma and COPD, blood eosinophil counts correlated with sputum eosinophilia, albeit with modest diagnostic performance [37, 41, 42] . How strong the correlation is between contemporaneous blood and sputum eosinophilia is debated, however, and discordances have been observed between sputum, tissue and systemic eosinophil counts [43] [44] [45] .
As with sputum eosinophil counts, the relevance of blood eosinophilia as a surrogate marker has also been questioned: how can a marker derived from peripheral blood accurately represent what is happening in the lung [46] ? Furthermore, the stability, and therefore reproducibility, of blood eosinophil measurements has also been questioned, as fluctuations occur over time [15, 47, 48] .
Clearly, fluctuations in eosinophil stability could impact the accuracy of study findings, particularly in those studies where the degree of eosinophilia is based on a single prestudy measurement (which would be further impacted if inappropriate thresholds were used). Systemic corticosteroids have a significant impact on the levels of blood eosinophils, whereas long-term treatment with inhaled corticosteroids may have a minimal effect over time, as shown in prospective data from a COPD trial [49] , and therefore the baseline treatment needs to be taken into account in the evaluation of the variability of blood eosinophils.
BLOOD EOSINOPHILS AS BIOMARKERS OF EOSINOPHILIA:
CLINICAL STUDIES AND THRESHOLDS USED Many clinical studies have used blood eosinophil measurements as a surrogate biomarker to indicate eosinophilic inflammation. However, as described below, and summarized in Tables 1 and 2 , the thresholds used to define blood eosinophilia have varied from study to study with no consensus as to which is the most appropriate. In an environment already subject to much variation, this lack in standardization increases confusion.
Part A: Eosinophils as Potential Biomarkers in Asthma
Inhaled corticosteroids (ICS) are the mainstay of therapy in patients with eosinophilic asthma but are often inadequate in patients with severe asthma. In recent years, a number of eosinophil-targeted biologic agents that block specific steps in eosinophil development, migration and activation have entered development, with some now approved for clinical use [16] . However, responses to these treatments are markedly heterogeneous and the discovery of markers with which to identify patients expected to achieve greater benefit has become a priority. Several studies have examined the ability of baseline blood eosinophils to predict treatment response; others have assessed their potential as predictors of asthma severity or future exacerbations (summarized in Table 1 ; the definitions of exacerbation used in each study are footnoted on the table).
Eosinophils as predictors of asthma severity and future outcomes
Eosinophilic inflammation is present in a significant proportion of patients with severe asthma and is associated with exacerbations, decreased lung function and poor pharmacological control [14] . As such, blood eosinophils can serve as a useful marker with which to assess patient risk since patients with moderate-to-severe asthma are significantly more likely to have elevated eosinophil counts pre-treatment than those with mild disease [50] . Price et al. [51] examined the relationship between blood eosinophil counts and asthma-related outcomes in a historical cohort study and found that patients with baseline blood eosinophil counts greater than 400 cells/μl experienced more severe subsequent exacerbations and had poorer asthma control; furthermore, exacerbation rate increased progressively with increasing eosinophil count.
Baseline sputum eosinophilia, although more difficult to establish due to the complex technique involved, has also been associated with improved outcomes to treatments [64] MENSA Severe eosinophilic asthma (>150/μl at screening or ≥300/μl in last yr) on ICS ± other controllers; ≥2 severe exacerbation in previous year Add-on mepolizumab vs PBO (32 wks)
Mepolizumab significantly ↓ exacerbation rate vs placebo (P < 0.001) Also associated with significantly improved FEV1 (P <0.05), and both QoL (SGRQ) and asthma control vs placebo(ACQ-5); both P <0.001) In both studies, add-on reslizumab significantly ↓ exacerbations vs PBO (by 50% and 59%; both P <0.0001) Significant improvements vs PBO were also observed for FEV1, AQLQ, ACQ-7 and ASUI, and blood EOS were significantly depleted in both studies Corren et al. 2016 [70] Any asthma patient poorly controlled by at least a medium-dose ICS; baseline EOS measured but not selected for Add-on reslizumab vs PBO (16 weeks) No differences between reslizumab and PBO in overall population (ie, any baseline EOS) In pts with ≥400/μl clinically meaningful improvements seen with reslizumab vs PBO in FEV1, ACQ-7, rescue SABA use, and FVC; no meaningful trends in pts with <400 cells/μl
Eosinophilic asthma (≥400/μl EOS at screening) inadequately controlled by at least a medium-dose ICS Add-on reslizumab (2 doses) vs PBO (16 wks)
Significant and/or clinically meaningful differences vs PBO for both reslizumab doses for most efficacy measures; both doses also reduced EOS levels; 3.0 mg/kg IV dose provides ↑ improvements in lung function, asthma symptoms (ACQ), and quality of life (AQLQ) vs placebo than seen with 0. targeting eosinophils [52] . The prostaglandin D2 receptor has also been shown to play an important role in eosinophilic asthma and treatments targeting this receptor have been receiving much attention [53] . Fevipiprant, a potent antagonist of the receptor, was tested in patients with moderate-tosevere asthma and a ≥2% sputum eosinophil counts at screening [54] . The drug reduced eosinophilic airway inflammation and was well tolerated, providing a 4.5-fold reduction in percent sputum eosinophils versus 1.3-fold in placebo-treated patients. Improvements in lung function and asthma-related quality of life were also observed in the fevipiprant arm.
Eosinophils as Predictors of Response to Anti-IgE Therapy
Omalizumab is a recombinant humanized monoclonal antibody that selectively binds circulating IgE in the blood and interstitial space, thus depleting levels of circulating IgE [55] . This leads to inhibition of the release of inflammatory mediators from mast cells and diminished recruitment of eosinophils and other inflammatory cells into the airways [56] . Indicated for adults/adolescents with IgE-mediated moderate-to-severe persistent allergic asthma, omalizumab is recommended in current treatment guidelines for such patients uncontrolled on Step 4 treatment [11] . In a study examining the utility of potential biomarkers to predict omalizumab response, exacerbations were significantly reduced in the subgroup of patients with high baseline eosinophil counts (≥260 cells/μl) versus those with medium/low counts (<260 cells/μl) [57] . In another study, while omalizumab reduced exacerbations in the overall population versus placebo (although not significantly so), in patients with eosinophil counts ≥300/μl a 59% reduction in exacerbation rate was observed compared with the placebo arm (P = 0.0125). Furthermore, placebo-treated patients in the high eosinophil group had a higher exacerbation rate compared with those in the low eosinophil subgroup suggesting that, as well as guiding therapeutic benefit, eosinophil counts might also predict patients at greater risk of exacerbations [58] . The efficacy of omalizumab in patients with allergic asthma is generally associated with an acceptable safety profile [59] .
Eosinophils as Predictors of Response to Anti-IL5 Targets
Secreted by Th2 and mast cells, IL5 is a key cytokine responsible for the proliferation, maturation, activation, and recruitment of eosinophils, making the components of the IL5 pathway attractive therapeutic targets with which to treat eosinophilic inflammation [60] . Current treatment guidelines recommend add-on anti-IL5 biologic therapy for patients with severe, uncontrolled eosinophilic asthma [11] . While no major safety concerns related to these agents have been identified in the available randomized controlled trials [61] , longterm safety data are needed for the optimal understanding of their safety profile.
Mepolizumab and reslizumab are anti-IL5 MAbs that bind IL5, inhibiting eosinophilic inflammation by depleting the number of eosinophils in both sputum and blood. In a dose-ranging, efficacy and safety study (DREAM) of add-on mepolizumab in patients with severe eosinophilic asthma (≥300 cells/μl), mepolizumab significantly reduced exacerbation rate and time to first exacerbation versus placebo (P ≤ 0.0005 for all doses) [62] . Circulating blood eosinophil levels were also significantly reduced compared with placebo, and modelling analysis confirmed that baseline blood eosinophil counts predicted treatment response to mepolizumab, with efficacy intensifying as baseline blood eosinophil counts and number of prior exacerbations increased [62] .
In a subsequent analysis of the DREAM study, elevated baseline blood but not sputum eosinophil counts were found to be predictive of treatment outcome. A single measurement of ≥150 cells/μl at screening predicted that 85% of placebotreated patients would have subsequent measurements above 150 cells/μl and would likely have benefited from mepolizumab [63] .
In the phase 3 MENSA study, mepolizumab administered either intravenously or subcutaneously significantly reduced asthma exacerbation rates by around one half versus placebo in severe eosinophilic asthma (>150 cells/μl at screening or ≥300 cells/μl during the previous year). Mepolizumab treatment was also associated with significantly improved forced expiratory volume in 1 second (FEV 1 ) (P < 0.05), quality of life (QoL), as measured by the St. George's Respiratory Questionnaire (SGRQ), and asthma control, measured using the 5-item asthma control questionnaire (ACQ-5); both P < 0.001 compared with placebo [64] .
In another study (SIRIUS), which included patients with severe asthma requiring maintenance with daily oral corticosteroids to control their asthma, mepolizumab significantly reduced the need for glucocorticoids by 2.39-fold versus placebo-treated patients while also maintaining asthma control [65] . Moreover, despite reduced steroid maintenance, the exacerbation rate was significantly reduced by 32% versus the placebo arm (P = 0.04).
The appropriate threshold with which to define blood eosinophilia has varied from study to study and remains a topic of debate. Ortega and colleagues [66] argued that a proposed threshold of 300 cells/μl [67] would deprive many severe asthma patients from mepolizumab benefit claiming that 'the goal in using blood eosinophils is not to accurately predict sputum eosinophilia but to serve as a marker for response'. To further define the threshold, they conducted a post-hoc analysis on data from the DREAM/MENSA populations in which they stratified patients by various baseline eosinophil cut-offs (≥150, ≥300, ≥400, and ≥500 cells/μl). Clinically relevant reductions in exacerbations were observed above a threshold of 150 cells/μl, with these reductions becoming progressively greater with increasing baseline eosinophil count; a threshold of 150 cells/μl was proposed for the selection of patients most likely to benefit with mepolizumab treatment [68] .
In reslizumab studies, the threshold used to define eosinophilia has been higher than that of mepolizumab, and in two, replicate, 52-week, phase 3 studies, patients were selected using a threshold of ≥400 cells/μl [69] . Reslizumab as add-on therapy to ICS with or without other controllers significantly reduced the frequency of asthma exacerbations versus placebo (by 50% and 59%; both P < 0.0001). In an attempt to identify the eosinophil threshold that would maximize reslizumab benefit, Corren et al. [70] examined reslizumab efficacy in a population unselected for baseline eosinophil count. No differences between reslizumab and placebo were observed with respect to the overall population, but in patients with ≥400 cells/μl clinically meaningful improvements were observed versus placebo in the primary endpoint, FEV 1 at Week 16 weeks, as well as in ACQ-7, rescue medication use, and FVC. No meaningful trends were observed in patients with fewer than 400 cells/μl.
Another study examined two doses of add-on reslizumab (3.0 mg/kg vs 0.3 mg/kg) in patients with eosinophilic asthma (≥400/μl) inadequately controlled by at least a medium-dose ICS [71] . Significant and/or clinically meaningful differences versus placebo were observed for both doses for most lung function measures. Reductions in circulating eosinophils and improvements in asthma control, symptoms, and quality of life were also observed with both doses. Overall, the 3.0 mg/kg dose provided greater improvements than the 0.3 mg/kg dose.
In a re-analysis of pooled data from the two studies reported by Castro and colleagues [69] , patients were stratified by late-versus early-onset asthma (<40 vs ≥40 years) [72] . Significantly greater reductions in exacerbations versus placebo were observed in patients with late-onset asthma (P = 0.0083). These patients also benefited from larger improvements in FEV 1 , ACQ-6 and Asthma Symptom Utility Index (ASUI) versus early-onset patients.
Another anti-IL5 antibody, benralizumab targets the alpha chain of the IL5 receptor directly and in doing so blocks the binding of IL5 and other ligands, which prevents heterooligomerization of the α/β subunits resulting in a loss of signal transduction [73] . As it acts directly on the IL5 receptor on eosinophils to cause apoptosis, benralizumab is arguably more effective than mepolizumab and reslizumab, which act indirectly to give incomplete depletion of eosinophils. Using a direct approach also avoids potentiation of the target cytokine through formation of cytokine/anti-cytokine immune complex, which has been reported to occur with anticytokine antibodies [74] .
Data from 2 pivotal phase 3 trials (SIROCCO and CALIMA) evaluated the efficacy of two dosing regimens of benralizumab (30 mg administered q4w and q8w) as add-on therapy in patients with severe eosinophilic asthma (≥300 cells/μl) uncontrolled by high-dose ICS plus LABA. Significant reductions (of up to 51%; P < 0.0001) in the annual rate of exacerbations and improvements in lung function (FEV 1 change up to 159 mL) were observed 4 weeks after the first dose and these were sustained throughout the treatment periods (48 and 56 weeks, respectively) [75, 76] . Improvements in asthma symptoms were also observed versus placebo for the q8w dose. In both studies, post-hoc analyses showed that greater improvements in exacerbation rate reduction, FEV 1 and total asthma symptom scores were observed in patients with a history of more frequent asthma exacerbations (≥3 in the previous year).
Baseline Blood Eosinophils and Responsiveness to Anti-IL4/IL13 Targets
IL4 and IL13 are also key drivers of type-2 mediated inflammation. Dupilumab, a humanized anti-IL4Rα antibody that inhibits both IL4 and IL13 signaling, is currently in phase 3 development for use in patients with uncontrolled persistent moderate/severe asthma despite the use of medium-to-high-dose ICS plus LABA. An initial phase 2a study was conducted in patients selected for elevated eosinophils (≥300 cells/μl). Add-on dupilumab significantly reduced exacerbation rate versus placebo by 87% (P < 0.001). Significant improvements in most lung function measures and asthma control were also observed [77] . Reductions in the levels of some Th2-associated biomarkers were also observed although, unlike antibodies targeting IL5 pathways, there was little or no change in eosinophil levels. On the basis of these findings, a phase 2b study was conducted in order to further define the target population responsive to dupilumab and the population was expanded to include all patients with persistent moderate/severe asthma uncontrolled by ICS/LABA irrespective of eosinophil count [78] . Unlike other biologics targeting eosinophils, dupilumab efficacy was observed not only in the subgroup of patients with ≥300 cells/μl but numerical and/or significant reductions in severe exacerbations and improvements in FEV 1 and patientreported outcomes were observed in the overall population as well as in the subgroup with eosinophil counts <300 cells/μl [78] .
Part B: Eosinophils as Potential Biomarkers in COPD
Eosinophilic inflammation is not found in the majority of COPD patients and, unlike in asthma where ICS is the cornerstone of therapy, in COPD they are normally used only for the treatment of exacerbations by adding on to the patient's current LABA. In stable COPD with an eosinophilic component, whether blood eosinophil levels can predict exacerbations and/or treatment outcomes (specifically with ICS) has been the focus of much research in recent years but remains poorly understood. As is described in the following sections and summarized in Table 2 , many studies have provided evidence associating eosinophilia with exacerbation risk and/or the likelihood of benefiting from ICS. However, most of the research has been retrospective and requires prospective confirmation. Furthermore, contradictory data have also been described, and recent data suggest that eosinophils may not be a useful generalizable marker with which to identify COPD phenotypes [79] .
Whereas anti-IL5 therapies have shown promise in patients with eosinophilic asthma, initial proof-of-concept studies have not met with such success in COPD patients, suggesting that depletion of eosinophils may not be a valid target in COPD. An initial study using the anti-IL5R antibody, benralizumab, in COPD patients with elevated baseline sputum eosinophils (≥3%) demonstrated numerical improvements in exacerbation rates, SGRQ-C and the self-administered Chronic Respiratory Questionnaire (CRQ-SAS) scores, and FEV 1 ; however, these improvements were not statistically significant [80] . Likewise, mepolizumab significantly reduced sputum and blood eosinophil counts compared with placebo in COPD patients with raised baseline eosinophils but, again, these differences did not translate into significant between-group differences in lung function parameters, exacerbation rates, and health-related quality of life [81] . The authors concluded that the role of eosinophils in COPD is complex and the benefits observed with ICS are likely related to their effects on cells or pathways that do not involve eosinophils. Two 1-year phase 3 studies on the efficacy of mepolizumab on exacerbation prevention in eosinophilic COPD patients were recently reported [82] . In one of the two studies (METREX) the 100 mg mepolizumab dose presented a significant reduction of moderate/severe COPD exacerbations versus placebo in a subgroup of COPD patients with an eosinophilic phenotype (eosinophil count, ≥150 cells/μL at screening or ≥300 cells/μL at any point in the previous year), but not in the overall population. The second study (METREO), which was conducted in COPD patients with a similarly-defined eosinophilic phenotype, showed no difference versus placebo for the 100 mg and 300 mg doses. In a pre-specified meta-analysis the authors were able to show that the greater effect on exacerbation prevention was observed in patients with higher blood eosinophil counts (ie, ≥300 cells/μL at screening). These results suggest a potential role for eosinophilic airway inflammation on COPD exacerbations, but also clearly underline the fact that further studies are needed in order to refine the patients who may benefit from eosinophil-targeted treatments in COPD [83] .
The identification of an eosinophil-predominant phenotype in COPD exacerbations was discovered in a cluster analysis study that used putative biomarkers present during exacerbations to identify clusters of phenotypes [34] . The eosinophil-predominant phenotype could be identified in stable state from sputum or blood eosinophilia. During an exacerbation, percent peripheral blood eosinophil count was identified as the most sensitive and specific (area under ROC, 0.85 [95% CI, 0.78-0.93]) biomarker for detecting exacerbation-associated sputum eosinophilia. A cut-off of ≥2% peripheral blood eosinophil was capable of identifying a sputum eosinophilia of >3% with 90% sensitivity and 60% specificity. Since sputum eosinophilia during stable state is associated with corticosteroid responsiveness, these patients can then be appropriately treated. Indeed, a strategy using sputum eosinophil counts on top of traditional treatment guidelines to titrate corticosteroid therapy in order to minimize eosinophilic inflammation resulted in fewer COPD exacerbations than observed in patients receiving traditional treatment alone [39] .
Schleich and colleagues showed that blood eosinophils could be used as a surrogate marker to predict eosinophilic inflammation in COPD (defined by a sputum eosinophilia ≥3%) albeit with modest diagnostic performance [42] . A blood eosinophil count of >162/μl (or 2.6%) identified patients with bronchial eosinophilic inflammation (sputum eosinophils ≥3%) with moderate sensitivity and high specificity (area under the ROC curve 0.75; p<0.0001, 71% sensitivity, 67% specificity). In a sub-population of patients receiving high-dose ICS the blood eosinophil cut-off for predicting a sputum eosinophil ≥3% was 215 cells/μl (AUC 0.76, p=0.001; 60% sensitivity, 93% specificity) or 2.3% (AUC 0.78, p<0.0001; 62% sensitivity, 94% specificity). The authors concluded that blood eosinophil could be useful for guiding patient selection for ICS and also to adjust dosing during recurrent exacerbations.
Higher Baseline Blood Eosinophils as Predictors of COPD Exacerbation Risk
In a prospective population study of COPD patients, a baseline eosinophil count of >340 cells/μl was associated with a 1.76-fold increased risk of severe exacerbations and a 1.15-fold increased risk of moderate exacerbations [84] . Patients with an eosinophil differential of >3.3% also had an increased risk of severe but not moderate exacerbations (incidence rate ratio [ These findings have been confirmed recently in a historical follow-up study from another population database in which patients who had elevated blood eosinophil counts during stable disease (≥450 cells/μl) had a 13% higher exacerbation rate during the following year than patients with lower counts (P = 0.03) [85] . Interestingly, when this interaction was examined in different subgroups, highly significant differences were found between ex-smokers and current smokers, with ex-smokers with elevated eosinophil counts having the highest exacerbation rate (RR 1.30; 95% CI 1.14-1.48; P < 0.0001) versus the reference group (<450 cells/μl) while current smokers with elevated eosinophil counts had the lowest exacerbation rate (RR 0.89; 95% CI 0.73-1.08; P = 0.14). Their findings suggest that the use of elevated blood eosinophil counts for the prediction of exacerbations was modest and restricted to ex-smokers.
Eosinophils as Predictors of ICS Response in COPD Patients
In COPD, ICS is mainly used to reduce the risk of and treat exacerbations, their effects on symptoms and lung function being relatively small. A number of studies have shown that high eosinophil levels predict a favorable response to LABA/ICS versus LABA alone. In a post-hoc analysis of data from two randomized controlled trials, Pascoe and colleagues [86] assessed exacerbation rates in patients stratified by baseline eosinophil counts (<2% versus ≥2%) who were being treated with LABA/ICS or LABA alone (fluticasone furoate plus vilanterol vs vilanterol alone). They found that responsiveness to ICS was improved in patients with eosinophils ≥2% (or ≥150 cells/μl). Hence, patients treated with LABA/ICS had a 29% reduction in exacerbations versus those treated with LABA alone (P < 0.0001). Progressively greater reductions in exacerbations were also observed with increasing baseline percentage eosinophils. Supporting the notion that high eosinophil levels increase the risk of exacerbation, the authors also found that in the LABA-only arm the exacerbation rate was significantly higher in the patients with eosinophils ≥2% compared with those with lower counts (P = 0.0006).
In a post-hoc analysis of the FORWARD study (beclomethasone dipropionate plus formoterol fumarate vs plus formoterol fumarate alone), patients were stratified into quartiles based on baseline blood eosinophil count (0 to <110.4; 110.4 to <181.6; 181.6 to <279.8 and ≥279.8 cells/μl) [87] . LABA/ICS reduced exacerbations vs LABA alone in patients with elevated eosinophils, with progressively better responses observed with increasing baseline eosinophil count (the greatest treatment difference observed for patients in the highest quartile, ≥279.8 cells/μl). Significant improvements in FEV 1 and SGRQ were also observed for LABA/ICS vs LABA particularly in the subgroup with eosinophils ≥279.8 cells/μl.
Although positive associations between blood eosinophils and subsequent treatment response have been found in some studies conducted to date, contradictory results have been found in other retrospective analyses.
Data from 3 separate studies (INSPIRE, TRISTAN, SCO30002) were reanalyzed stratifying patients by percent baseline eosinophil counts of <2% vs ≥2%. The studies were each conducted in patients with moderate-to-very severe COPD and each compared the effects of LABA/ICS (fluticasone propionate /salmeterol), LABA alone or ICS alone with a long-acting muscarinic antagonist (LAMA) (tiotropium), LABA or placebo on reducing moderate/severe exacerbation rates [88] . In INSPIRE (fluticasone propionate/salmeterol vs tiotropium), in patients with blood eosinophils ≥2% LABA/ICS was associated with significantly reduced exacerbation rates compared with LAMA (P = 0.006). In TRIS-TAN (fluticasone propionate /salmeterol vs salmeterol, fluticasone propionate, or placebo) patients with eosinophils ≥2% treated with LABA/ICS had significantly reduced exacerbation rates versus placebo-treated patients (P = 0.001) but not versus LABA or LAMA. Significant differences versus placebo were also observed for LABA alone and ICS alone (P = 0.02 and P = 0.005, respectively). No significant differences were observed in either study for patients with <2% eosinophils. In the third study (SCO30002), no significant treatment effects were observed between fluticasone propionate/salmeterol or fluticasone propionate and placebo. No relationship between eosinophil subgroup and FEV 1 or SGRQ was observed in any of the three studies [88] .
In a re-analysis of the ISOLDE study, which had compared an ICS (fluticasone propionate) with placebo, patients were also stratified using a baseline blood eosinophil threshold of ≥2% [89] . The results of this study contrasted to the earlier studies by Pascoe et al. [86] and Siddiqui et al. [87] , finding that ICS significantly reduced exacerbation rates versus placebo in patients with eosinophil counts <2% (P = 0.009), with no difference versus placebo observed in the ≥2% eosinophil arm. Patients in the eosinophils ≥2% arm, however, had significantly slower FEV 1 decline compared with placebo (P = 0.003), with no difference between treatments in the patients with <2%.
A few studies have investigated the usefulness of eosinophil levels to predict both treatment response and risk of future exacerbations. WISDOM was a 52-week phase 4 study comparing exacerbation risk in patients who continued triple therapy with a LAMA + LABA + ICS with those who had ICS withdrawn after 6 weeks [90] . Patients had severe/very severe COPD and a history of ≥1 exacerbation in the 12-month pre-screening period. In a post-hoc analysis of the study, patients were stratified by various eosinophil thresholds; those with higher baseline eosinophils who were withdrawn from ICS were found to have an increased risk of exacerbation versus patients with low counts [91] . A significant treatment-by-subgroup interaction was observed at a threshold of ≥4% or >300 cells/μl, with exacerbation rates increasing as absolute counts increased. More recently these data were evaluated according to exacerbation history at baseline (1 vs ≥2) and a more prominent treatment effect was found in patients with a history of ≥2 exacerbations and eosinophil counts of ≥300 or ≥400 cells/μl [92] .
The FLAME study is the only prospective study that has examined differential treatment effects in COPD patients stratified by baseline eosinophils (<2% vs ≥2%) to date [93] . The study, conducted in patients with moderate-to-severe COPD and a history of ≥1 exacerbation in the previous year, compared a LABA/LAMA with a LABA/ICS (indacaterol/glycopyronnium and salmeterol/fluticasone propionate, respectively) over 52 weeks and found that LABA/LAMA significantly reduced exacerbations versus LABA/ICS by 11% in the overall population (P = 0.003: primary endpoint) but also irrespective of eosinophil counts (P = 0.004 and P = 0.01 for patients in the <2% and ≥2% eosinophil subgroups, respectively) [93] . More recently, the FLAME data were re-analysed using additional eosinophil cut-offs (<3%, <5%, < 150 cells/μl, <300 cells/μl and ≥300 cells/μl) and similar findings were evident, with statistically significant differences in favour of LABA/LAMA observed for some of the eosinophil cut-offs; at no cut-off was LABA/ICS superior [49] . The findings from these studies have implications for COPD management, in particular for patients with a history of exacerbation, and suggest that blood eosinophils may not be useful in guiding therapy choice between a LABA/LAMA and a LABA/ICS, but some evidence exists for a role of increased blood eosinophils in identifying patients who may benefit from ICS on top of LABA/LAMA treatment. Further ongoing prospective studies may clarify further the role of blood eosinophils in the identification of COPD patients who may benefit from triple therapy (LABA/ICS/LAMA).
Due to the discrepancies reported in studies conducted to date, more research is needed to determine whether blood eosinophils will have utility as a biomarker with which to direct ICS use. This is particularly pertinent given that ICS use in COPD patients is clearly not without risk and has been linked with increased pneumonia incidence, as well as with other comorbidities, especially with long-term use. Indeed, a higher risk of pneumonia incidence has been observed in patients treated with ICS who have eosinophils <2% compared with those with ≥2% [94] . This aligns with the recommendation by Brusselle et al. [95] [96] [97] that ICS should be used in COPD patients in a risk-directed fashion, and that the benefit-risk ratio can be categorized into three areas, each modulated by blood eosinophil count (Fig. 3) .
The positive findings by Pascoe et al. [86] and others need to be replicated and validated in independent prospective studies, including randomized trials and observational cohort studies. If confirmed, blood eosinophil count will Fig. (3) . Benefit-risk ratio of ICS in patients with COPD based on blood eosinophil level in stable disease. With increasing eosinophils counts, the use of ICS may offer increased benefit by reducing COPD exacerbations (Area III). Conversely, ICS use in patients with lower eosinophils counts is potentially associated with decreased benefit and increased risk of pneumonia (Area I). Adapted from [95] with the publisher's permission.
provide a means of targeting the use of ICS to COPD patients who will benefit the most, and improving the currently modest benefit-risk ratio.
CONCLUSION AND FUTURE DIRECTIONS
Both asthma and COPD are complex, heterogeneous conditions comprising a wide range of phenotypes, some of which are refractory to currently available treatments. Elucidation of these phenotypes and identification of biomarkers with which to recognize them and guide appropriate treatment remain a priority for researchers and clinicians. In recent years, the potential of blood eosinophils as surrogate markers of eosinophilic-predominant phenotypes has received much attention in this regard. In asthma, the rationale for their use as such is more clearly defined, with several well-controlled studies demonstrating that patients with higher eosinophil counts are prone to more severe disease and poorer outcomes. As a result, new biologic therapies that target specific drivers of eosinophilic pathways (whether IgE or key cytokines) have been developed to tailor treatment to these patients.
In COPD, high blood eosinophil counts may predict a favorable response to ICS on top of LABA/LAMA, especially in patients with a history of frequent exacerbations, but the exact position and the definition of clinically significant eosinophilia in this setting need to be further refined. There may also be some potential for the use of blood eosinophils for the identification of patients who may benefit from targeted treatments; however, further data are needed in order to define these patients appropriately. In contrast to asthma, where the available data from prospective studies may provide some implications for clinical practice, the use of eosinophils in clinical practice in COPD needs to be evaluated further in prospective studies before firm conclusion can be drawn.
The need for biomarkers to identify patients who may benefit from treatments in airways disease is important in order to reach informed treatment decisions for the maximal benefit of patients. Blood eosinophils present some merit, but several controversies remain. Standardization of the appropriate cut-off of clinically relevant eosinophilia and the need for single or multiple measurements in different settings are needed prior to the application in clinical practice. As more treatment options are becoming available, further research may be oriented towards the identification of novel surrogate biomarkers for certain elements or activation states of eosinophilic inflammation and/or composite indexes of different biomarkers that will support the selection of treatment options targeting specific pathways and pathology. 
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